The sensitivities of biosensors using top-gate-type carbon nanotube field-effect transistors ͑CNT-FETs͒ with and without a top metal gate were compared. The CNT-FET biosensor without the top metal gate ͑sensor I͒ showed about three times higher transconductance than the one with the top metal gate ͑sensor II͒ when they were modulated by a reference gate electrode placed in a solution. Further, the sensitivity of sensor I was three times higher than sensor II. These results were attributed to the shielding effect of the top metal gate electrode placed in the solution, which was proved by a numerical simulation.
I. INTRODUCTION
One of the most promising applications of carbon nanotubes ͑CNTs͒ ͑Ref. 1͒ is CNT field-effect transistors ͑CNT-FETs͒.
2-5 CNT-FETs are expected to be used in several applications because of their high carrier mobility and transconductance. 4 In particular, CNT-FET-based biosensors, which can detect biomolecules, have high sensitivity and stability. [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] In our previous studies, we designed biosensors using top-gate-type CNT-FETs and we were the first to clarify the quantitative properties and calibration of CNT-FET biosensors. [19] [20] [21] In these biosensors, antibodies are physically immobilized on a top metal gate electrode and antigens are specifically adsorbed on the antibodies.
CNT-FET biosensors detect the electrical charges of adsorbed antigens. Because the charge of a protein is lower than that of other biomolecules, such as DNA, it is difficult to detect a protein when present in low concentrations. Thus, it is important to study CNT-FET biosensors and improve their sensitivity. The structure or material of the top gate electrode significantly influences the sensitivity of biosensors. In a previous study, 19 Au/Ti metal was used as the material for the top gate electrode. In order to increase the sensitivity of CNT-FET biosensors, it is important to understand the influence of the top gate electrode. In this study, we have designed CNT-FET biosensors with and without a top metal gate and compared the sensitivities of these biosensors.
II. EXPERIMENTS
Air-stable n-type CNT-FETs were fabricated using an SiN x passivation film formed by thermal or catalytic chemical vapor deposition ͑CVD͒. 19, 22 We used this CNT-FET for the biosensor because hysteresis was not observed in this device. The schematic structures of the CNT-FET biosensors without and with the top metal gate are shown in Figs. 1͑a͒ and 1͑b͒, respectively. Hereafter, the CNT-FET biosensor without the top metal gate is termed as "sensor I" and the CNT-FET biosensor with the top metal gate as "sensor II." The CNT-FETs are prepared as follows. n-type silicon with thermally grown SiO 2 is used for the substrate. CNTs are grown from the deposited Co catalyst by thermal CVD on the SiO 2 substrate. Source and drain electrodes are formed using gold/titanium ͑40 nm /10 nm͒. The length of the CNT channel is 6 m. Platinum/titanium ͑100 nm/10 nm͒ is used for the back gate electrode. A silicon nitride layer of 60 nm is deposited on the CNT channel by thermal CVD. The procedure for the fabrication of the two types of biosensors is different after this step. For sensor I, the silicon nitride layer, except the channel region, is covered with a waterproof resist ͑S1818, Shipley Far East Co. Inc.͒ in order to prevent leakage from the CNT-FETs ͑the region in the silicon nitride layer that is not covered by the resist functions as a sensing region͒. For sensor II, gold/titanium ͑40 nm/10 nm͒ is deposited on the silicon nitride layer for the top gate electrode. The silicon nitride layer is then covered with a waterproof resist, leaving the top metal gate region uncovered. It is difficult to prepare CNT-FETs with exactly the same properties. Owing to the difference in the CNT chirality, which is impossible to control, the properties of CNT-FETs, such as the saturation drain current and/or transconductance, differ from device to device. In this study, therefore, after the measurement of the sensitivity of sensor I, the biomaterials on the SiN x layer is cleaned up, then the top metal gate electrode is deposited for sensor II, and its sensitivity is measured. Using this method, we could obtain identical CNT-FETs for both the sensors.
Pig serum albumin ͑PSA͒ was used the antigen and anti-PSA ͑a-PSA͒ as the antibody. PSA was the target sample for the electrical detection by the CNT biosensors. a-PSA was physically immobilized on the silicon nitride layer for sensor I and on the top gate electrode for sensor II. 18 For the measurements of PSA/a-PSA reaction in a solution, the CNT-FET biosensor was set up, as shown in Fig. 2 , which shows sensor I. A silicone rubber pool was placed around the sensing area, and a 0.1M tris buffer solution containing PSA was poured into the pool. A drain bias was applied between the source and drain electrodes and the drain current I D was monitored. The top-gate voltage was controlled from a Ag/AgCl reference electrode. The back gate voltage was also adjusted to obtain the highest sensitivity. When PSA was trapped by a-PSA in the sensing area, I D changed because of the negative charge of PSA. The dependence of the change in drain current ͑⌬I D ͒ of the CNT-FET biosensors on the PSA concentration was measured.
III. RESULTS AND DISCUSSIONS
In order to confirm the FET properties, the dependence of I D on the top gate voltage V TG for both the biosensors has been measured. V TG is applied at the Ag/AgCl reference electrode through the 0. I is approximately three times higher than that of sensor II, implying that sensor I is more sensitive than sensor II, which is be shown in Fig. 4 . This result did not provide that, from a fixed amount of a-PSA, that is, a fixed amount of a-PSA on sensor I was larger than that on sensor II. We confirmed the amount of adsorbed a-PSA that can react effectively on sensing by the surface plasmon reso- nance measurement. Hence, the amount of a-PSA on the Au layer was 1.7 times larger than that on the SiN x layer. Thus, sensor II should have a high sensitivity if the sensitivity of the biosensor is controlled only by the amount of adsorption of PAS. However, sensor I actually has a high sensitivity. Furthermore, in Fig. 3͑b͒ , I D of sensor II shows a weak dependence on the applied V TG . This is attributed to the electrostatic shielding effect of the top metal gate and the I D of sensor II cannot be modulated sufficiently by the reference Ag/AgCl gate electrode placed in the solution.
The sensitivities of sensors I and II are compared. The dependence of ⌬I D on the PSA concentration for both the biosensors has been measured and is shown in Fig. 4 . The reference gate voltage ͑=V TG ͒ and V BG are maintained at +1 and +5 V, respectively. In Fig. 4 , the circles indicate the data for sensor I, while the rectangles indicate the data for sensor II. Both the CNT-FETs detected the electrical charges of PSA that reacted with a-PSA in the sensing area. The plots for sensors I and II are well fitted by the Langmuir adsorption isotherm and are shown by solid and dotted lines, respectively. The values of the logarithm of the equilibrium constant, log K eq , obtained by fitting the Langmuir adsorption isotherm for sensors I and II are almost similar, i.e., 8.09 and 7.93, respectively. These values match very well with those of the equilibrium constants of the antigen-antibody reaction of albumin groups obtained from previous studies.
23 -26 These results imply that sensors I and II could detect the PSA/a-PSA reaction. The decrease in the drain current is saturated when the antigen-antibody reaction is saturated. The saturation currents ⌬I Dsat for sensors I and II are 30.96 and 9.26 nA, respectively. ⌬I Dsat of sensor I is approximately three times higher than that of sensor II. As shown in Figs. 3͑a͒ and 3͑b͒ , the g m of sensor I is 163.7 nS, which is also approximately three times higher than that of sensor II, i.e., 62.0 nS. The results indicate that the total amount of the PSA /a-PSA reaction for sensors I and II are almost the same and the high ⌬I Dsat of sensor I is attributed to g m of sensor I being three times higher than that of sensor II. Therefore, sensor I shows approximately three times higher sensitivity than sensor II.
In order to clarify how the metal gate influences the sensitivity of CNT-FET sensors, the electrostatic field inside the CNT-FET sensor was calculated using the finite element method. The electrostatic field consists of the charge of the PSA, the reference gate voltage, and the back gate voltage. The model consists of a reference electrode, a solution, antigens, antibodies, a top metal gate, a SiN x insulator, a SiO 2 insulator, and a back gate. CNTs are not included in the model because they are one dimensional structures and are too small to influence the net electrostatic field. The electrical properties of each element are defined by the relative permittivity ͑ / 0 ͒, charge density ͑͒, and potential. The width of the each element was 2 m. The thickness and electrical properties of the elements are listed in Table I . The thickness of the each element is defined according to the real CNT-FET biosensor used in our experimental measurement. The thickness of the reference gate, solution, and back gate in the model, however, is lower than that of the real device in order to reduce the calculation time. The potential of the reference gate electrode and the back gate electrode were set at +1 and +5 V, respectively, which is just the same condition as the experimental measurements. The reference gate electrode is treated as a conductor. / 0 of the solution, metal top gate, and back gate is defined to be equal to 10 000. Because of the large value of / 0 , the elements behave like conductors in the calculation. / 0 of the antigens and antibodies are defined to be equal to 50 according to the value of the general permittivity of proteins in a solution. 27 / 0 of SiN x and SiO 2 insulators are defined to be equal to 3.9 and 7.5, respectively. of the antigens is defined to be equal to −2.4ϫ 10 4 C / m 3 , which is controlled by the size and electrical charge of the PSA molecule in the solution with a pH of 8.0. 28 The electrical charge is controlled by the primary structure of the PSA molecule.
The calculated potential profiles of the CNT-FET sensors are shown in Figs. 5͑a͒ and 5͑b͒ for sensors I and II, respectively. The dashed and solid lines show the potential profile before and after the antigen-antibody reaction, respectively. The potential of the solution is almost +1 V because of the bias applied at the reference gate electrode. At the region of the antibodies, the potential starts to increase. At the region of SiN x and SiO 2 insulators, the potential linearly increases; the slopes in these regions depend on their permittivities. When antigens were caught by the antibodies, the potential profile was shown by the solid line in Fig. 5͑a͒ . The difference in the potential ͑⌬V͒ around the CNT channel of sensor I without and with antigens is as high as 0.099 V, as shown in Fig. 5͑a͒ . The potential profile of sensor II without antigens, shown by the dashed line in Fig. 5͑b͒ , completely differs from that of sensor I. In the region of the solution, the potential is almost +1 V. In the region of the antibodies and the metal top gate, the potential increased and became constant at the metal top gate. The potential around the antibodies obviously differs from that of sensor I without the antigens. The potential slope around the antibody region was quite gentle. This is attributed to the large relative permittivity of metal and low permittivity of antibodies. When the antigens were caught in sensor II, The potential profile was shown by the solid line in Fig. 5͑b͒ . The difference of the potential ⌬V around the CNT channel of sensor II without and with antigens is 0.037 V. It is found that the potential difference around the CNT channel before and after the antigen-antibody reaction for sensor I is approximately three times higher than that for sensor II. For sensor II, the shielding of the electrostatic field takes place due to the metal gate and the electric charges of the antigens did not sufficiently influence the potential around the CNT channel. The calculated results also support the experimental results shown in Fig. 3 , in which the dependence of the I D on V TG is very weak for the metal gate FET.
We calculated the electrostatic potential of CNT-FET biosensors and succeeded in clarifying the change in the potential profile and the influence of the structure of the CNT-FET biosensor on sensitivity.
IV. CONCLUSIONS
We have compared the sensitivities of CNT-FET biosensors with and without a top metal gate electrode and found that the latter is more sensitive than the former. This is attributed to the electrical shielding effect of the metal gate, which has been confirmed by a numerical simulation. As a result, we have succeeded in improving the sensitivity of the biosensor by removing the top metal gate from CNT-FETs.
By optimizing the structure of the CNT-FETs, e.g., the thickness of SiN x insulator and SiO 2 layer, the sensitivity of biosensors can be improved drastically.
